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ABSTRACT
The neutron star ocean is a plasma of ions and electrons that extends from the base of the neutron star’s
envelope to a depth where the plasma crystallizes into a solid crust. During an accretion outburst in an X-ray
transient, material accumulates in the envelope of the neutron star primary. This accumulation compresses the
neutron star’s outer layers and induces nuclear reactions in the ocean and crust. Accretion-driven heating raises
the ocean’s temperature and increases the frequencies of g-modes in the ocean; when accretion halts, the ocean
cools and ocean g-mode frequencies decrease. If the observed low-frequency quasi-periodic oscillations on ac-
creting neutron stars are g-modes in the ocean, the observed quasi-periodic oscillation frequencies will increase
during outburst—reaching a maximum when the ocean temperature reaches steady state — and subsequently
decrease during quiescence. For time-averaged accretion rates during outbursts between 〈M˙〉 = 0.1–1.0 M˙Edd
the predicted g-mode fundamental n = 1 l = 2 frequency is between ≈ 3–7 Hz for slowly rotating neutron
stars. Accreting neutron stars that require extra shallow heating, such as the Z-sources MAXI J0556-332,
MXB 1659-29, and XTE J1701-462, have predicted g-mode fundamental frequencies between ≈ 3–16 Hz.
Therefore, observations of low-frequency quasi-periodic oscillations between ≈ 8–16 Hz in these sources, or
in other transients that require shallow heating, will support a g-mode origin for the observed quasi-periodic
oscillations.
Subject headings: dense matter – stars: neutron – X-rays: individual (MAXI J0556-332, MXB 1659-29,
XTE J1701-462)
1. INTRODUCTION
The Z-sources are the most luminous neutron star X-ray
transients (LX ∼ 0.5–1.0 LX,Edd), with inferred mass accre-
tion rates on the order of the Eddington accretion rate, as de-
termined from the X-ray flux. These sources trace out a Z-
shaped track in the X-ray color-color diagram (Hasinger &
van der Klis 1989); the track is composed of the horizon-
tal (top), normal (diagonal), and flaring (bottom) branches.
During an accretion outburst, a source may vary its spectral
state (its location on the “Z”) over the course of hours or days
due to accretion instabilities at a nearly constant accretion rate
(Lin et al. 2009; Homan et al. 2010; Fridriksson et al. 2015).
Although changes in spectral state were thought to result from
variations in the mass accretion rate, it is likely that accretion
rate variations cause secular evolution of the source; for ex-
ample, XTE J1701-462 transitioned into a lower luminosity
atoll phase (LX ∼ 0.1–0.5 LX,Edd) when its accretion rate de-
creased (Lin et al. 2009; Homan et al. 2010).
On the normal branch, low-frequency quasi-periodic oscil-
lations between ≈ 5–7 Hz are observed in several Z-sources,
for example, Cyg X-2 (Hasinger & van der Klis 1989; Wij-
nands et al. 1997; Dubus et al. 2004), SCO X-1 (Hertz et
al. 1992; van der Klis et al. 1996; Titarchuk et al. 2014),
and GX 5-1 (Kuulkers et al. 1994; Jonker et al. 2002).
The normal branch oscillation frequencies (hereafter NBOs)
are consistent with g-modes (Bildsten & Cutler 1995; Bild-
sten et al. 1996) in the neutron star’s ocean — a plasma of
ions and electrons that extends from the overlying envelope
to the deeper crust — provided that the neutron star is slowly
rotating (νspin . 10 Hz). Low-frequency quasi-periodic os-
cillations are also consistent with being of a geometric origin
(Stella & Vietri 1998; Homan 2012; Homan et al. 2015)
from Lense–Thirring precession of an inner accretion disk
(Lense & Thirring 1918; Bardeen & Petterson 1975); for
example, horizontal branch oscillation frequencies are con-
sistent with a warped accretion disk geometry (Jonker et al.
2002). It has been difficult, however, to delineate the origin of
the low-frequency NBOs given the uncertainties that remain
in the nature of the accretion flow near the neutron star sur-
face.
The thermal evolution of the neutron star ocean offers an
opportunity to test for the presence of ocean g-modes by com-
paring the temporal evolution of predicted g-modes and ob-
served NBOs. During an accretion outburst, the accumula-
tion and compression of matter in the neutron star’s enve-
lope induces nuclear reactions in the ocean and crust (Bis-
novatyi˘-Kogan & Chechetkin 1979; Sato 1979) that deposit
≈ 1–2 MeV per accreted nucleon (Haensel & Zdunik 1990).
As the ocean’s temperature increases away from thermal equi-
librium with the core, the predicted ocean g-mode frequencies
also increase. When accretion ceases, the ocean cools back to-
ward thermal equilibrium with the core and predicted ocean
g-mode frequencies decrease. For example, in sources with
time-averaged accretion rates between 〈M˙〉 = 0.5–1.0 M˙Edd,
the predicted fundamental g-mode frequency shifts from an
initial value of ≈ 3 Hz in a cold ocean to ≈ 5–7 Hz when the
ocean reaches steady state near ≈ 160 days after accretion be-
gins — NBO frequencies in the ≈ 5–7 Hz range are observed
within the same time frame, for example, in XTE J1701-462
(Homan et al. 2007, 2010).
Models of neutron star thermal relaxation naturally repro-
duce quiescent light curves of neutron star transients (e.g.,
Brown & Cumming 2009). As determined from their qui-
escent light curves, some neutron star transients require extra
“shallow” heating during outburst from an unknown source
to explain their high temperatures at the outset of quiescence
(Brown & Cumming 2009; Deibel et al. 2015; Turlione et
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al. 2015). A finite amount of shallow heating, for instance,
the ≈ 1 MeV per accreted nucleon needed in MXB 1659-29,
raises the ocean’s steady-state temperature and predicted g-
mode frequencies may be & 7 Hz in this source. For this
reason, any observed NBO frequencies & 7 Hz in Z-sources
that require extra shallow heating, such as MAXI J0556-332
(Deibel et al. 2015), MXB 1659-29 (Brown & Cumming
2009), and XTE J1701-462 (Turlione et al. 2015), would pro-
vide an observational test for the presence of ocean g-modes.
These sources have the largest predicted g-mode frequencies
during outburst, reaching frequencies between ≈ 8–16 Hz.
Furthermore, because the neutron star’s quiescent luminosity
is much smaller than the heating rate during outburst in these
sources, the large ocean temperatures and g-mode frequencies
remain for thousands of days into quiescence.
In this study, we examine the thermal evolution of Z-
sources and the temporal evolution of the ocean’s predicted
fundamental g-mode in MAXI J0556-332, MXB 1659-29,
XTE J1701-462, and accreting neutron stars with accretion
rates similar to the transient Z-sources. In Section 2, we out-
line our neutron star thermal evolution model and demonstrate
the evolution of the ocean during an accretion outburst. In
Section 3, we explore changes in the g-mode spectrum over
the course of the modeled outbursts. We discuss our results in
Section 4.
2. THE THERMAL EVOLUTION OF THE OCEAN
We follow the thermal evolution of the neutron star’s outer
layers by solving the fully general relativistic heat diffusion
equation using the open source code dStar (Brown 2015).
The microphysics follow Brown & Cumming (2009) with
changes outlined in Deibel et al. (2015). dStar uses
the numerics package available as part of the open source
stellar evolution code MESA (Paxton et al. 2011, 2013,
2015). Thermal evolution models have successfully mod-
eled quiescent light curves for neutron star transients; for in-
stance, EXO 0748-676 (Degenaar et al. 2009, 2014) and
Swift J174805.3-244637 (Degenaar et al. 2015).
Some sources require additional heating during outburst to
reconcile models with quiescent observations, for example,
KS 1731-260 (Wijnands et al. 2001, 2002; Cackett et al.
2010) and MXB 1659-29 (Wijnands et al. 2003, 2004; Cack-
ett et al. 2008) require Qshallow ≈ 1 MeV per accreted nu-
cleon of extra heating in the shallow crust (Brown & Cum-
ming 2009). A recent fit to the quiescent light curve of
XTE J1701-462 (Fridriksson et al. 2010, 2011) requires a
Qshallow ≈ 0.2 MeV per accreted nucleon heat source in its
shallow crust (Turlione et al. 2015). The hottest neutron
star transient, MAXI J0556-332 (Homan et al. 2011, 2014;
Matsumura et al. 2011; Sugizaki et al. 2013), requires
a Qshallow ≈ 4–16 MeV per accreted nucleon heat source in
its shallow crust to fit quiescent observations (Deibel et al.
2015).
Before the onset of accretion, the neutron star ocean is in
thermal equilibrium with the core near Tcore ∼ 107 K, as in-
ferred from cooling neutron star transients (Brown et al.
1998; Brown & Cumming 2009; Page & Reddy 2013). Dur-
ing active accretion, compression-induced nuclear reactions
deposit ≈ 1–2 MeV per accreted nucleon in the ocean and
crust (Haensel & Zdunik 1990, 2003; Gupta et al. 2007;
Haensel & Zdunik 2008) and the initially cold ocean can
reach temperatures of Tb & 108 K. Moreover, in sources
that require shallow heating, the ocean temperature can reach
Tb & 109 K in steady state (Deibel et al. 2015). An increase
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Fig. 1.— Location of the ocean-crust transition as a function of temperature
at the base of the ocean. The black solid curve is for the one-component ac-
creted composition (Haensel & Zdunik 1990) and the black dotted curve is
for a multi-component accreted composition (Steiner 2012). The crystalliza-
tion density is given by Equation (2).
in the temperature at the base of the ocean increases the crys-
tallization depth of the ocean. The crystallization of the one-
component ocean, with proton number Z, baryon number A,
and ion number density ni, depends on the plasma coupling
parameter
Γ =
(Ze)2
akBTb
, (1)
where Tb is the temperature at the base of the ocean, a =
(3/4pini)1/3 is the inter-ionic spacing, and the crystallization
point occurs where Γ = 175 (Farouki & Hamaguchi 1993;
Potekhin & Chabrier 2000). Therefore, the ocean-crust tran-
sition occurs at a mass density of
ρt ≈ 2.2 × 106 g cm−3
( Tb
3 × 107 K
)3 (26
Z
)6 ( A
56
)
. (2)
The ocean-crust transition density as a function of tempera-
ture can be seen in Figure 1. For simplicity, we use a one-
component accreted composition (Haensel & Zdunik 1990)
that roughly traces models of the multi-component accreted
composition (Steiner 2012), as can be seen in Figure 1. Note
that as the crust liquifies, composition changes in the solid
crust become part of the liquid ocean. Sharp composition
changes in the ocean, such as those arising from e−-capture
layers, can trap modes in the ocean (Bildsten & Cumming
1998) and decrease mode frequencies (Strohmayer 1993).
We assume, however, that composition changes do not af-
fect ocean oscillations because a realistic accreted composi-
tion contains smooth gradients in 〈Z〉 and 〈A〉 (Steiner 2012).
The timescale for changes to the ocean-crust transition den-
sity is related to the thermal time at the base of the ocean. We
use the thermal time from Deibel et al. (2015; their Equa-
tion (1)),
τ∞therm,ocean ≈ 1.0 days ρ9
(g14
2
)−2 ( Ye
0.4
)3 ( Z
26
) (1 + z
1.31
)
, (3)
where Ye is the electron fraction, g14 ≡ g/1014 cm s−2 is the
gravitational acceleration with g = (1 + z)GM/R2, 1 + z =
(1 − 2GM/(Rc2))−1/2 redshifts to an observer frame at infin-
ity, and ρ9 ≡ ρ/(109 g cm−3). The thermal time in the ocean
as a function of mass density can be seen in Figure 2. The
timescale for changes to the ocean-crust transition density is
τ∞t = (dlnT/dlnρt)(dt/dlnT ) = τ∞therm,ocean/3.
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MAXI J0556-332 is the hottest quiescent Z-source to date,
and to reproduce the observed MAXI J0556-332 outburst be-
ginning in 2011 (Matsumura et al. 2011) we run a model
that accretes at 〈M˙〉 = 1.0 M˙Edd for 16 months. We use the
model parameters from the best fit to the quiescent light curve
from Deibel et al. (2015): a neutron star mass M = 1.5 M,
a neutron star radius R = 11 km, a core temperature Tcore =
3 × 107 K, an impurity parameter Qimp = 1, and a shallow
heat source of Qshallow = 6 MeV per accreted nucleon. We
assume the shallow heating varies proportionally with the ac-
cretion rate and is deposited over the column depth range
y = 2 × 1013–2 × 1014 g cm−2 as inferred by the quiescent
light curve (Deibel et al. 2015), where y = P/g is the column
depth.
In the model of the MAXI J0556-332 accretion outburst, the
ocean temperature reaches Tb ≈ 7.5×108 K in steady state and
the ocean-crust boundary moves from ρt ≈ 2.2 × 106 g cm−3
to ρt ≈ 1.7 × 1011 g cm−3, as can be seen in Figure 3. Note
that the ocean temperature increases relatively quickly dur-
ing the outburst due to the combined heating from accretion-
driven nuclear reactions and shallow heating, which deposit
Lnuc ≈ 1.5 × 1037 ergs s−1. The quiescent luminosity of the
neutron star, however, is only Lq ≈ 2.3 × 1035 ergs s−1, and
the neutron star therefore cools over a period much longer
than the outburst duration. As a consequence, the ocean re-
mains & 7 × 108 K for ≈ 500 days into quiescence and takes
≈ 2900 days to cool completely.
Motivated by renewed activity in MXB 1659-29 (Negoro
et al. 2015), we explore its thermal evolution in a model
representative of its previous 2.5 year outburst (Wijnands et
al. 2003, 2004) near 〈M˙〉 = 0.1 M˙Edd. The model uses a
neutron star mass of M = 1.6 M, a neutron star radius of
R = 11.2 km, a core temperature of Tcore = 3 × 107 K, an
impurity parameter of Qimp = 4, and a Qshallow = 1 MeV per
accreted nucleon shallow heat source, which agrees with the
quiescent light curve fit from Brown & Cumming (2009).
During the accretion outburst, the ocean temperature reaches
Tb ≈ 3.0 × 108 K and the ocean-crust boundary moves to
ρt ≈ 3.6 × 109 g cm−3. The outburst heating rate is Lnuc ≈
2.7×1035 ergs s−1 and the quiescent luminosity of the neutron
star is Lq ≈ 8.9 × 1033 ergs s−1. As a consequence, the ocean
remains Tb & 1.0 × 108 K for ≈ 700 days into quiescence and
takes ≈ 1400 days to cool completely.
We also run a model of the XTE J1701-462 outburst
(Fridriksson et al. 2010, 2011). The model uses a neu-
tron star mass of M = 1.6 M, a neutron star radius of
R = 11.6 km, a core temperature of Tcore = 3 × 107 K, an
impurity parameter of Qimp = 7, and a Qshallow = 0.17 MeV
per accreted nucleon shallow heat source, which agrees with
the quiescent light curve fit from Turlione et al. (2015).
During the accretion outburst, the ocean temperature reaches
Tb ≈ 3.1 × 108 K and the ocean-crust boundary moves to
ρt ≈ 3.9 × 109 g cm−3. The outburst heating rate is Lnuc ≈
2.1×1036 ergs s−1 and the quiescent luminosity of the neutron
star is Lq ≈ 1.9 × 1034 ergs s−1. As a consequence, the ocean
remains Tb & 1.0×108 K for ≈ 1700 days into quiescence and
takes ≈ 3100 days to cool completely.
We also run a series of models with various time-averaged
accretion rates to investigate the possible g-mode spectrum in
other Z-sources. We run models with time-averaged accretion
rates during a Z-track cycle 〈M˙〉/M˙Edd = 0.1, 0.25, 0.5, 0.75,
and 1.0, for a 1 year outburst to approximate a typical Z-
source outburst. We use a fiducial neutron star mass M =
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Fig. 2.— Characteristic timescales in the neutron star ocean. The upper
curves are the thermal time for an equilibrium composition (solid curve) and
accreted composition (dotted curve). The lower curves are for the timescale
for changes in ρt for an equilibrium composition (solid curve) and an accreted
composition (dotted curve).
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Fig. 3.— Thermal evolution as a function of time during outburst/quiescence
for MAXI J0556-332 (solid curves), MXB 1659-29 (dashed curves), and
XTE J1701-462 (dotted-dashed curves). Panel (a): fundamental n = 1, l = 2
g-mode frequencies in the ocean (Equation 4). Panel (b): the ocean-crust
transition density (Equation 2). Panel (c): temperature at the ocean-crust
transition.
1.4 M and radius R = 10 km, with a core temperature Tcore =
3×107 K for all models. Models with time-averaged accretion
rates between 〈M˙〉 = 0.1–0.5 M˙Edd have ocean temperatures
between Tb ≈ 4.5 × 107–9.9 × 107 K and ocean-crust transi-
tion densities between ρt ≈ 7.5 × 106–8.1 × 107 g cm−3, as
can be seen in Figure 4. Models with time-averaged accretion
rates between 〈M˙〉 = 0.5–1.0 M˙Edd have ocean temperatures
between Tb ≈ 8.1×107–1.4×108 K and ocean-crust transition
densities between ρt ≈ 8.1 × 107–2.3 × 108 g cm−3.
3. THE EVOLUTION OF OCEAN g-MODES
The ocean g-modes have been suggested as a possible ori-
gin for the observed Z-source NBOs (Bildsten & Cutler 1995)
due to their characteristic frequencies between ≈ 5–7 Hz. The
thermal g-modes are non-radial oscillations, where the buoy-
ancy arises from entropy gradients in the ocean (McDermott
et al. 1983; Bildsten & Cutler 1995). Ocean g-modes may
be excited as angular momentum is transported into the ocean
by a spreading boundary layer (Inogamov & Sunyaev 1999,
2010), as is the case with acoustic modes in the neutron star
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envelope (Philippov et al. 2016). The g-mode spectrum can
be analytically approximated (Bildsten & Cutler 1995) by
fn,l ≈ 2.8 Hz
[
l(l + 1)
6
Tb
3 × 107 K
56
A
]1/2 (10 km
R
)
×
1 + (3npi2
)2 (
ln
{
ρt
1 g cm−3
})−2−1/2 , (4)
where n is the number of nodes in the ocean, l is the angu-
lar wavenumber, and R is the radius of the neutron star. The
upper boundary of the ocean is taken at the base of the en-
velope near a mass density of ρ ≈ 1 g cm−3, however, the
frequency spectrum is largely insensitive to the location of
this upper boundary. Even though Equation 4 is derived for
an isothermal ocean, the oscillation spectrum is primarily set
by the temperature at the base of the ocean in non-isothermal
models (Bildsten & Cumming 1998), and Equation 4 gives
frequencies accurate within ≈ 10 % (Bildsten & Cutler 1995).
Here we examine the predicted fundamental n = 1 l = 2
g-mode frequency during and after an accretion outburst. Al-
though the l = 1 should be more easily observed (Bildsten &
Cutler 1995), the mode frequencies are smaller by a factor of√
3 and are inconsistent with observed NBO frequencies. It is
unclear why the fundamental n = 1 l = 2 mode may be excited
preferentially with respect to the l = 1 mode. Furthermore,
this calculation is only valid for slowly rotating neutron stars
with νspin  300 Hz and with magnetic fields B . 1011 G;
these limits are consistent with the spin frequencies for the
atoll sources inferred from kHz QPOs (e.g., KS 1731-260;
Wijnands & van der Klis 1997); though this method for de-
termining νspin is debated (e.g., Me´ndez & Belloni 2007). For
simplicity, we assume that the Z-sources fall within these lim-
its. Note, however, that at spin frequencies of νspin & fn,l the
ocean g-modes become highly modified by the rapid rotation
of the neutron star and observed NBO frequencies would then
only be consistent with g-modes of high radial order (Bildsten
et al. 1996).
In a cold ocean (Tb ≈ Tcore ∼ 107 K), the predicted fun-
damental n = 1 l = 2 g-mode frequency is ≈ 3 Hz. An
increase in the predicted g-mode fundamental frequency is
apparent in all Z-sources with 〈M˙〉 & 0.1 M˙Edd when the
ocean reaches steady state. For example, sources with time-
averaged accretion rates 〈M˙〉 . 0.5 M˙Edd have predicted fun-
damental g-mode frequencies between ≈ 3–5 Hz and sources
with 〈M˙〉 & 0.5 M˙Edd have predicted frequencies between
≈ 3–7 Hz. Note that ≈ 7 Hz is the maximum n = 1, l = 2
frequency reached in a model with 〈M˙〉 = 1.0 M˙Edd, as can be
seen in Figure 4.
The predicted g-modes in sources that require shallow heat-
ing, however, naturally reach frequencies & 7 Hz, as can be
seen in Figure 3. For example, during the MAXI J0556-
332 outburst, the predicted fundamental g-mode frequency
quickly becomes & 7 Hz after ≈ 20 days and reaches ≈ 16 Hz
within ≈ 100 days. The predicted fundamental remains
at ≈ 16 Hz for the duration of the outburst and persists at
≈ 16 Hz for ≈ 500 days into quiescence. The model of the
MXB 1659-29 outburst reaches frequencies & 7 Hz within the
first ≈ 30 days of the outburst. The predicted fundamental
g-mode frequency approaches ≈ 10 Hz when the ocean tem-
perature reaches a steady state temperature about ≈ 700 days
into the outburst. The model of the XTE J1701-462 outburst
behaves similarly to MXB 1659-29, reaching a predicted fun-
damental g-mode frequency near ≈ 10 Hz when the ocean
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Fig. 4.— Thermal evolution of the ocean as a function of time during
outburst/quiescence for accreting models with time-averaged accretion rates
〈M˙〉/M˙Edd = 0.1, 0.25, 0.5, 0.75, and 1.0 Panel (a): fundamental n = 1, l = 2
g-mode frequency in the ocean (Equation 4). Panel (b): the ocean-crust tran-
sition density (Equation 2). Panel (c): temperature at the ocean-crust transi-
tion.
temperature reaches steady-state. The ocean cools relatively
slowly in XTE J1701-462, due to its larger impurity param-
eter of Qimp = 7, taking ≈ 3100 days to cool completely —
much longer than MAXI J0556-332 and MXB 1659-29.
4. DISCUSSION
In this study, we investigate the thermal evolution of the
transient Z-sources to characterize the temporal evolution of
the ocean g-modes during outburst and quiescence. Before ac-
cretion begins, the predicted fundamental g-mode is initially
≈ 3 Hz in the cold ocean (Tb ≈ Tcore ∼ 107 K). During active
accretion, the predicted fundamental g-mode frequency in-
creases as unavoidable accretion-driven nuclear heating raises
the ocean’s temperature. For example, sources accreting be-
tween 〈M˙〉 = 0.1–1.0 M˙Edd have predicted fundamental g-
modes between ≈ 3–7 Hz. Predicted fundamental g-mode
frequencies & 7 Hz require active shallow heating during out-
burst to reach ocean temperatures & 108 K required to sup-
port these frequencies. Therefore, observing NBOs & 7 Hz in
transients that require shallow heating, such as MAXI J0556-
332, MXB 1659-29, and XTE J1701-462, provides an obser-
vational test to link NBOs and the ocean g-modes. In partic-
ular, during steady-state accretion, MAXI J0556-332 has pre-
dicted fundamental g-mode frequencies between ≈ 8–16 Hz,
and MXB 1659-29 and XTE J1701-462 have predicted g-
mode frequencies between ≈ 8–10 Hz — frequencies only
possible in the hotter oceans found in sources with shallow
heating. We predict that MAXI J0556-332 had a fundamental
g-mode frequency near ≈ 11 Hz at the time of its recent activ-
ity (Jin & Kong 2016; Negoro et al. 2016; Russell & Lewis
2016). If shallow heating is active during the current out-
burst in MXB 1659-29 (Negoro et al. 2015), we predict that
this source will have a fundamental g-mode frequency near
≈ 9 Hz at the time of the most recent observation (Bahramian
et al. 2016) after being in outburst for ≈ 160 days.
NBO frequencies observed in the last outburst from
XTE J1701-462 (Fridriksson et al. 2010) are consistent
with ocean g-modes. NBOs were observed within the first
≈ 10 weeks near ≈ 7 Hz (Homan et al. 2007), and our model
predicts fundamental g-mode frequencies near ≈ 7 Hz after
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10 weeks of active accretion. Furthermore, once the ocean
reaches steady state, our model of the XTE J1701-462 out-
burst contains predicted ocean g-modes between ≈ 7–10 Hz,
which is consistent with the observed ≈ 7–9 Hz NBOs ob-
served in this source during outburst (Homan et al. 2010).
Although current instrumentation may not allow observa-
tions of NBOs in MXB 1659-29 and MAXI J0556-332 dur-
ing quiescence, renewed accretion outbursts in both objects
may allow observations of NBOs. We predict that observed
NBOs during these sources current accretion outbursts should
be & 5 Hz in MXB 1659-29 and & 10 Hz in MAXI J0556-
332. The renewed activity in MAXI J0556-332 (Negoro et
al. 2016; Russell & Lewis 2016) perhaps holds the best
prospects for catching large NBO frequencies because the
ocean in MAXI J0556-332 had not cooled to the core tem-
perature before the most recent accretion outburst, and the
predicted ocean g-mode frequency is already & 7 Hz.
Note that the above observational tests for the presence of
ocean g-modes does not require a complete picture of how X-
ray emission is modulated by ocean oscillations, which is out-
side the scope of this work. Uncertainties remain in the nature
of the accretion flow near the neutron star surface and how
the accretion flow may interact with the neutron star’s outer
layers. For example, a spreading boundary layer of accreted
material may extend into the ocean (Inogamov & Sunyaev
1999, 2010), and may transport angular momentum therein.
A coupling of the boundary layer and the ocean in this way
may only modulate X-ray emission near the equator, however,
where modes may even interfere with accretion disk emission
(Bildsten et al. 1996). If observations support a g-mode ori-
gin for the NBOs, this will motivate future work to model the
ocean’s coupling to a spreading boundary layer.
If NBOs are indeed ocean g-modes, observed NBO fre-
quencies & 7 Hz can then be used as a diagnostic of the shal-
low heating strength. For example, as shown in this work,
ocean g-mode frequencies near ≈ 10 Hz (≈ 16 Hz) are found
in sources in steady state with Qshallow ≈ 1 MeV (Qshallow ≈
6 MeV). It is worth noting, however, that during outburst
the ocean in MAXI J0556-332 approaches a maximum tem-
perature set by neutrino emission around Tb ≈ 2 × 109 K at
the depth of the shallow heat source (Deibel et al. 2015).
Because the ocean temperature is near maximum, a g-mode
frequency of ≈ 16 Hz is likely the largest n = 1 l = 2
g-mode that can be supported in Z-source oceans. There-
fore, NBO frequencies of ≈ 16 Hz only give the lower limit
Qshallow & 6 MeV for the shallow heating strength.
The depth of the ocean-crust transition during outburst
is relevant to the study of the shallow heating mechanism.
For example, the ocean-crust interface in MAXI J0556-332
moves to densities between ρt ∼ 109–1011 g cm−3 during out-
burst. This density range is characteristic of the location of
the shallow heating inferred from quiescent light curves of
quasi-persistent transients (Brown & Cumming 2009), which
is needed at mass densities near ρshallow . 3 × 1010 g cm−3.
For example, shallow heating is required between ρshallow ∼
5 × 109–3 × 1010 g cm−3 in MAXI J0556-332, as determined
from its quiescent light curve (Deibel et al. 2015). This sug-
gests that the shallow heating mechanism is connected to the
ocean-crust phase transition, and work in this direction is on-
going.
Often the observed ≈ 5–7 Hz NBOs blend into ≈ 10−20 Hz
flaring branch oscillations (hereafter FBOs); for example, a
continuous blending was observed in SCO X-1 (Casella et al.
2006). The timescale of observed NBO-FBO blending dis-
favors a g-mode origin for the FBOs. The thermal time at
the depth of the ocean-crust transition (Figure 2) determines
the timescale for variations in the g-mode frequencies. For g-
mode frequencies . 7 Hz, variations may occur on timescales
of hours; variations in frequencies & 7 Hz occur on timescales
of days — much longer than the timescale of the observed
blending. The NBO-FBO blending phenomena, however, is
consistent with a superposition of ocean g-modes and ocean
interface waves. The interface modes were determined to
have frequencies of ∼ 200 Hz when calculated with a rigid
crust boundary condition (McDermott et al. 1988), but may
have lower frequencies near ∼ 20 Hz when the flexibility of
the crust is taken into account (Piro & Bildsten 2005). It is
unclear why oscillation energy might transition between the
different modes, but the coupling of the g-modes to the inter-
face modes is worthy of future study.
Quasi-periodic oscillations between ≈ 5–7 Hz in the atoll
sources (LX ∼ 0.1–0.5 LX,Edd) are also consistent with ocean
g-modes. For example, the ≈ 7 Hz oscillation observed in
4U 1820-30 (Wijnands et al. 1999; Belloni et al. 2004)
is consistent with a n = 1 l = 2 g-mode in a lighter ocean.
In a lighter ocean, such as those considered in Bildsten &
Cutler (1995), g-mode frequencies are larger by a factor of
∼ (56/16)1/2 compared to those studied in this work. This
may explain the observed oscillations in 4U 1820-30, where
accretion from the helium companion star (Wijnands et al.
1999) would result in a different ocean composition than the
one considered here.
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